In this work, we analyse the microstructure and local chemical composition of green-emitting In x Ga 1-x N/GaN quantum well (QW) heterostructures in correlation with their emission properties. Two samples of high structural quality grown by metalorganic vapour phase epitaxy (MOVPE) with a nominal composition of x = 0.15 and 0.18 indium are discussed. The local indium composition is quantitatively evaluated by comparing scanning transmission electron microscopy (STEM) images to simulations and the local indium concentration is extracted from intensity measurements. The calculations point out that the measured indium fluctuations may be correlated to the large width and intensity decrease of the PL emission peak.
Introduction
Extensive research is carried out on nitride light emitting diodes (LEDs) due to the applications in general lighting (Pimputkar et al., 2009) . The high efficiency of blue LEDs has already been demonstrated more than two decades ago in nitride layers despite high densities of dislocations (Nakamura et al., 1994) , but the challenge is still to attain high efficiency in the green range emission. The first explanation for this high efficiency was that III-V nitrides-based devices might be less sensitive to dislocations than conventional III-V semiconductors (Lester et al., 1995) , but very early Sugahara et al. (1998) reported that dislocations are nonradiative recombination centres. In his review article, Nakamura (1998) suggested that the localised energy states caused by local indium fluctuations Correspondence to: N. Chery, CIMAP, 6 Boulevard du Maréchal Juin 14000 Caen,
France. E-mail: chery.nicolas@ensicaen.fr in InGaN quantum wells could be the dominant mechanism to explain the high efficiency of the blue LEDs. This conclusion was based on data which had been obtained using transmission electron microscopy (TEM) imaging and energy dispersive spectroscopy (EDS) by Narukawa et al. (1997) . However, as had been known for many years, the indium containing III-V semiconductors are beam sensitive and care should be taken for sample preparation as well as observation in the TEM in order to minimise the ion beam irradiation damage (Chew & Cullis, 1984) . Nowadays, it is no more necessary to use iodine; it has been clearly demonstrated that optimised ion milling conditions lead to good quality TEM sample (Smeeton et al., 2003) , of course electron beam damage during the TEM investigation should be kept as low as possible in order to obtain reliable data (O'Neill et al., 2003) . Subsequently, it was shown that, depending on the growth conditions, composition fluctuations in the InGaN/GaN quantum wells may take place: they can be short range without a noticeable change in the QW width, being pointed out by the local strain distribution (Albrecht et al., 2001 ) but also they may include local modulations of well thickness at various scales inside high-brightness LEDs structures (van der Laak et al., 2007) . As was reported by Galtrey et al. (2008) with a combined scanning transmission electron microscopy (STEM) and atom probe analysis, gross indium composition variation may take place in InGaN quantum wells which may explain the exhibited 67% emission efficiency. The length scale of such fluctuations was determined to be from 20 to 100 nm; the idea behind this was the fact that such areas of higher indium composition should constitute localisation domains for charge carriers leading them to radiatively recombine without seeing dislocations. Other structures such as the indium chains (Chichibu et al., 2006) and atomic steps (Watson-Parris et al., 2011) may also play an important role in constituting localisation centres. An additional mechanism could also be due to threading dislocations, which often can modify the kinetics during the growth of the QWs. In this instance QW areas of low indium composition can be generated when the dislocation opens up towards the layer surface and is terminated as a pinhole (Hangleiter et al., 2005) . Therefore, the localisation effects have been largely discussed, and the local indium composition fluctuations inside the QWs may play an enhancing role for the efficiency of the LED, indeed gross indium fluctuations can explain the high emission efficiency in LEDs along [0001] (Galtrey et al., 2008) . Moreover, the strain distribution in QWs obtained by metalorganic vapour phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) is systematically different, and this could be one of the explanations for the diverging performance of the fabricated LEDs (Ruterana et al., 2002) . Obviously, the composition fluctuations have been largely associated to the high emission efficiency in LEDs from layers containing high densities of dislocations (Narukawa et al., 1997; Chichibu et al., 2006; van der Laak et al., 2007) .
The quantitative analysis of the local composition in TEM has developed steadily since the early 1990s when it was shown that changes of lattice distances measured in highresolution images can be related to the local strain field (Bierwolf et al., 1993) . Since then, three main approaches have been used to extract this information: the first one is based on the measurement of the deformation in real space (Bierwolf et al., 1993) , whereas the second used the reciprocal space (Hÿtch et al., 1998) . Finally, the third method, probably more advanced (Lebeau et al., 2008) , relies on a quantification of the associated image contrast at pixel level in real space. Indeed, the limitations of these techniques have been addressed continuously from the beginning (Walther et al., 1995; Kret et al., 2001) . For instance, FEM simulations (Tillmann et al., 1996) reported that the strain is lowered by preparation induced thin specimen relaxation and elastic strain relaxation owing to the island morphology.
For the investigation of InGaN/GaN quantum wells the interest for this type of analysis was reinforced by the intriguing issue that very high emission efficiency was possible in heterostructures containing the highest known density of crystallographic defects, up to 10 10 cm −2 dislocations, in contrast to the common knowledge that the best quality material should lead to the highest performance of the device. In the first work which associated the local indium composition fluctuations (Narukawa et al., 1997) , it is not clear if they had been aware of the earlier reports that indium containing material might not be stable under energetic beam irradiation, as observed by Chew & Cullis (1984) . The samples had been prepared by Ar + ion milling, and no mention was made that particular attention had been taken for ion beam damage limitation at this stage, nor during the subsequent investigations in the TEM. Indeed, it is now known that, upon ion implantation (Lacroix et al., 2011) , InN damages very rapidly, and can even turn amorphous at the extremely low dose of 10 12 at cm −2 , whereas gallium nitride starts to nanocrystallise from the surface (GaN does not undergo amorphisation) above 2 × 10 15 at cm −2 (Gloux et al., 2006) and the crystalline structure of AlN can only break down from the projected range (Rp) past 10 17 at cm −2 by chemical amorphisation (Lorenz et al., 2010) . Moreover, it was theoretically shown that the stability of the In-N bond may be low (Zoroddu et al., 2001) . Therefore, it is necessary not only to have thin areas with no sample preparation damage, but most of all to stay within small image acquisition times to extract data from HRTEM observations (Li et al., 2005; Galtrey et al., 2008) . More recently, it was shown that using the STEM results in a negligible damage build-up inside the indium containing nitride materials during the observations (Rosenauer et al., 2011) . Therefore, it is possible to extract reliable results of the local composition in InGaN/GaN QWs, and as shown by Galtrey et al. (2008) using atom probe tomography, such composition fluctuations in InGaN QWs may take place within 20-100 nm diameter areas, which is detectable in the high-angle annular dark-field (HAADF) mode where electron transparent sample thickness may range up to around 150 nm. The aim of this work is to try to correlate the local composition analysis and the photoluminescence emission in MOVPE grown samples.
Experimental
The investigated samples are InGaN/GaN QWs grown on cplane sapphire substrate by MOVPE with trimethylgallium (TMG), trimethylindium (TMI), ammonia (NH 3 ) used as precursors and the carrier gas was N 2 . The whole structure of the investigates samples is made of a GaN template on the sapphire (0001), followed by eight QWs with low indium content, and finally one QW for emission in the green range of the visible spectrum just below the surface. A detailed description of the set will be given in the next paragraph.
In parallel to the TEM, extensive optical characterisation was carried out by photoluminescence (PL). All the PL measurements were performed under the same photoexcitation conditions. The samples were cooled down to -265.15°C in a closed cycle He cryostat and a pump laser with a photon energy of 4.66 eV was used with constant excitation power. The light emitted by the samples was detected by a back-illuminated CDD camera (Andor Newton 920).
As various growth conditions have been applied atomic force microscopy allowed us to get important information on the resulting surface state. For TEM analysis, we shall focus on cross-section analysis. The samples were prepared by mechanical polishing with diamond disks on a Multiprep machine down to a few microns thickness with the final electron transparency achieved in a GATAN PIPS II with the sample holder kept at low temperature. The milling process was done in two steps: Argon plasma in a ballistic regime was used at 3.5 keV for fast rate milling with a minimised beam damage generation with the guns tilted at ±4°and using -150°C temperature, at the final steps of hole formation, the beam energy was decreased below 600 V. This step allows obtaining directly TEM samples with extended transparent areas, minimum amorphous surface layers and negligible beam damage in these sensitive systems. In order to try to determine the impact of the crystalline quality of the samples on the optical characteristics, the samples are investigated also by conventional TEM at micron scales and the possible extended defects such as dislocations, stacking faults or inversion domains (Ruterana et al., 1999; Potin et al., 2000) are determined as well as their density. This work is carried out in a JEOL 2010 microscope equipped with a LaB 6 filament using double tilt as well as tilt rotating sample holder so that it is possible to access an extended part of the reciprocal lattice (+-50°tilt, 360°r otation). The STEM investigations were performed on a FEI-TITAN 80/300 operated at 300 kV equipped with an annular dark-field detector (Fischione Model 300, serial number 300-124).
Subsequently, a quantitative analysis by HAADF STEMevaluation was performed. This method has been described in details by Rosenauer et al. (2011) ; it includes a few steps from the raw image to composition maps. First, for a selected high-resolution HAADF-STEM raw image, the intensities are normalised following the procedure proposed by LeBeau et al. (2008) . Then, a Wiener filter is applied to remove noise and facilitate the detection of atomic column positions in the image. Subsequently the area of interest is segmented into Voronoi polygons around the determined atomic columns. Then, the intensities of all the pixels inside each Voronoi are average to give the local mean intensity. Next, a thickness map is constructed by comparing the local mean intensities with a simulated model in the GaN region and extrapolates it to the quantum well. Finally, by comparing the local mean intensity and the evaluated specimen thickness with a database from simulations, the indium composition map is determined. From the maps, indium composition profiles along [0001] are obtained by a projection along [1010] ; in such profiles, the occurrence of composition fluctuation may be pointed out by large error bars, which represent the variations of the signal within <1120> columns.
The objective of this work on InGaN/GaN quantum wells structure is to eventually realise white emission by a combination of blue and green to red wavelength emission. To this end, we investigate a combination of an eight InGaN/GaN QWs superlattice (SL) with a low indium content for emission in the blue range, and one high indium content QW for emission further in the visible part of the spectrum. The overall sample structure is shown in Figure 1 .
Two samples in which the indium composition has been tuned by changing QW growth temperature were investigated. As for the high indium content quantum well, different growth conditions were used; they are shown in Table 1 : sample S1 was grown at 760°C during 60 s and sample S2 at 780°C during 90 s. Focusing on the high indium content QWs, the nominal indium composition was estimated from the growth conditions at x = 0.18 for S1 and 0.15 for S2.
Results
By measuring the composition by HAADF STEM, it was interesting first to focus on two simple cases of samples, which presented low indium incorporation and should have a good morphology and quite close PL peak positions but with clear differences in PL peak width and amplitude (see Fig. 2 and Table 2 ). For superlattices (SLs) with the same growth temperature at 810°C, PL peaks are at 420 nm and 424 nm for samples S1 and S2, respectively, and QWs wavelength emission at around 521 nm for S1 and 515 nm for S2. The most important difference between the two samples is pointed out in the luminescence spectrum; the PL peak intensity of S2 is nearly half of the one from S1, with its half width almost doubled as reported in Table 1 . Whereas it is straightforward to determine the maximum position of the emission in S1, this is not as obvious for S2 where the emission displays fine structure features.
To see the surface morphology and the possibility of defects in surface, we did atomic force microscopy (AFM) measurements of both samples. At first sight, as shown in Figure 3 , the two samples surfaces are similar and appear to result from the same growth process as underlined by the characteristic biatomic layer steps meeting at the pinholes location which may constitute the termination of threading dislocations at the layer surface. Estimated from five images with 10 × 10 µm 2 for each sample (Figs. 3A, B) , the densities of these Fig. 3 . AFM images 10 × 10 µm 2 (A), 2 × 2 µm 2 scan size (C) of S1; 10 × 10 µm 2 (B) and 2 × 2 µm 2 scan size (D) of S2.
defects are 1.5 × 10 8 cm −2 and 2.0 × 10 8 cm −2 for S1 and S2, respectively. However, a close examination shows a noticeable difference in the pinholes that formed on top of the two sample surfaces. There are mainly two sizes for these defects as can be seen from the diameters (see in Figs. 3C, D: P1 < 110 nm and P2 > 210 nm), where the smaller sized pinholes dominate in sample S1 in Figure 3(C) , whereas the surface of S2 exhibits more pinholes of larger size in Figure 3(D) . These defects have been the subject of reports (Zhou et al., 2017) , and are known to first be correlated to the threading dislocations, to have a size that increases with the number of InGaN/GaN quantum wells, and to generate independently of the threading dislocations when the indium composition is increased by lowering the growth temperature below ß750°C (Johnson et al., 2005) . For S1 and S2, the growth temperature of the QWs is above 750°C; therefore, this difference in the density of large pinholes may probably be related to the difference of the photoluminescence emission of both samples and the slightly larger growth time (90 s) for S2, although it was deposited at 780°C where the layer quality is expected to be more optimized.
In addition of the AFM measurements, conventional TEM investigations have been done to connect the structural quality with the surface condition. Cross-section observations by weak beam analysis were carried out for both g = 1010 and g = 0002 conditions. It can be seen that the quality of both samples is good: in Figures 4(A) and (B) for sample S1, (C) and (D) for sample S2 no V-pits defects or dislocations are imaged in these areas.
This TEM observation is in agreement with AFM images where the density of the defects is rather low (in the low 10 8 cm −2 ) and similar. It is then clear that there is no important difference of structural quality between these two samples which could explain the observed QW photoluminescence emissions.
Moreover low-magnification observations in HAADF-STEM show that for the two samples (S1, Fig. 5A and S2, Fig. 5B ), the QW and SLs thicknesses are uniform over micron scales.
At higher magnification from the raw HAADF images (Fig. 6) , the measured QW thicknesses are 2.8 nm and 3.8 nm for S1 and S2, respectively, which is a good agreement with the nominal values from the growth conditions (Table  1) . Indeed, the thickness uniformity of QW is important as its fluctuation can degrade their peaks emission (Hu et al., 2012) . In these two samples, we have uniform QW thickness and similar density of defects; we may then suspect that the difference of the photoluminescence emission is coming from the intrinsic nature of each QW.
By evaluating more than fifteen images recorded in different areas, we calculated an average indium concentration in QWs of 17.4% for S1 and 15% for S2 (Fig. 7) which is in good agreement with the nominal estimates of 18% (S1) and 15% (S2).
As it can be seen in Figure 7 (A), the contrast is homogeneous all over the QW, which means that no large indium rich clusters are present in this sample, in agreement with a recent report (Müller-Caspary et al., 2016) . However, as shown in the indium composition map of Figure 7 (B), the contrast is no longer uniform across the quantum well. The changes of contrast are a strong indication that, at this nanometre scale, indium composition changes are occurring inside this QW. In this figure, the extension of the fluctuations is from 3 to 6 nm, inside the well. In order to determine the robustness of the presented data, we calculate the standard deviation (σ ) for each sample using the composition profiles in Figure 8 (Bartel & Kisielowski, 2008; Rosenauer et al., 2011) . The obtained values are 2.1 at % and 2.5 at % for S1and S2, respectively, which is a clear indication that the presented data is of good quality with high signal-to-noise ratio from these samples at thicknesses of 120 and 96 nm for S1 and S2, respectively.
Discussion
Previous studies (Albrecht et al., 2001) have shown that composition fluctuations can exist in InGaN/GaN quantum wells depending on the growth conditions. The QW may then be considered as a dense ensemble of noncorrelated quantum dots emitting at different wavelengths which result in a broadened PL peak. They come up at low temperature as sharp individual dots when measured using highest resolution set ups (Bartel & Kisielowski, 2008) . As shown above, the difference between S1 and S2 cannot be attributed to structural or chemical defects, which could be present in S2 at high density. As we can see, the homogeneity of QWs thicknesses is in a good agreement with HAADF images. Coming back to the difference in the PL emission between the two samples, and taking into account that the structural quality of the two samples is similar, it can be concluded that the measured emission performance and particularly the full width at the half maximum is related to the local indium distribution in the quantum wells. 
Conclusion
In this report, two samples with similar indium nominal content (< 20 at. %) and growth conditions have been investigated using TEM and photoluminescence measurements. Despite a comparable microstructure the characteristic PL emission at -265.15°C is largely different with almost half the integrated intensity and twice of the full width at half maximum for the sample grown at higher temperature. The quantitative evaluation of the indium composition shows that in S1, which has the narrowest PL peak, the indium distribution is uniform, whereas S2 exhibits indium composition fluctuation at the nanoscale.
